include the maintenance of capillary structure, inhibition of endothelial proliferation and participation in angiogenesis (Hirschi & D'Amore, 1996) . The function of pericytes is thought to be particularly important in the microvasculature of the retina where the ratio of pericytes to vascular endothelial cells is greater than in any other vascular bed (Balabanov & Dore-Duffy, 1998) . Interest in the role of retinal pericytes is heightened by the observation that the selective loss of these cells is one of the earliest histopathological events in the course of diabetic retinopathy (Cogan et al. 1961) , which is a visionthreatening condition characterized, in part, by a failure of the blood-retinal barrier. At sites where this barrier is defective, serum-derived molecules leak from the blood vessels into the retina. Since pericytes are located on the ablumenal surface of the vascular endothelium, they are among the first cells to be exposed to the molecules leaking from the circulatory system. As a result, the responses of pericytes to blood-derived molecules may help determine how well the retina functions when the vascular endothelial barrier is compromised. Based on the premise that ion channels play a vital role in cellular function, we examined the effect of blood-derived molecules on the ionic currents of retinal pericytes. We now report that perforated-patch recordings from pericytes located on freshly isolated rat retinal microvessels reveal that serum reversibly activates inward and outward currents in these cells. The serum-induced ionic conductances are due to the activation of a number of types of ion channels, including non-specific cation, outward potassium and chloride channels. These effects on ion channel activity are mimicked qualitatively by insulin-like growth factor_1, which is a normal component of the blood (LeRoith, 1997) . Our experimental findings support the idea that the activity of ion channels in retinal pericytes is altered when serumderived molecules leak from the vascular system at sites where the blood-retinal barrier is dysfunctional.
METHODS

Isolated retinal microvessels
Freshly isolated microvessels were prepared from rat retinae. Fiveto eight-week-old rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN, USA) were killed by prolonged exposure to carbon dioxide gas and their eyes removed. Animal use conformed to the guidelines of the Society for Neuroscience and Association for Research in Vision and Ophthalmology. All experiments were carried out according to guidelines laid down by the University of Michigan University Committee on the Use and Care of Animals. After the retina was dissected from an eye, it was incubated in 2·5 ml Earle's balanced salt solution supplemented with 0·5 mÒ EDTA, 1·5 mÒ CaClµ, 1 mÒ MgSOÚ, 20 mÒ glucose, 26 mÒ NaHCO×, 15 U papain (Worthington Biochemicals, Freehold, NJ, USA), 0·04% DNase and 2 mÒ cysteine for 30 min at 30°C while 95% oxygen-5% COµ was bubbled through to maintain pH and oxygenation. After transfer to solution A (Table 1) the retina was placed with the vitreal side up on a coverslip (diameter, 15 mm; Warner Instrument Corp., Hamden, CT, USA) which was modified by gluing onto its surface a mosaic of approximately two dozen, non-contiguous, irregularly shaped, •4 mmÂ fragments of a no. 1 glass coverslip. A second coverslip was then positioned over the retina, and the tissue was gently sandwiched between the glass surfaces. Complexes of microvessels adhered to the upper coverslip (Fig. 1A) . A coverslip with adhering vessels was placed in a recording chamber which was perfused (2 ml min¢) with solutions from a gravity-fed system using multiple reservoirs. Unless noted otherwise, solution A was the bathing solution. Vessels were examined at ²400 magnification with an inverted microscope equipped with phase-contrast optics. Pericytes were identified by their characteristic location on the ablumenal wall of microvessels ( Fig. 1B ; Kuwarbara & Cogan, 1960) . In addition to small vessels (diameter, 5-7 ìm) with pericytes, these preparations often included larger vessels (15-45 ìm) that were encircled by doughnut-shaped smooth muscle cells, which we also studied electrophysiologically. Experiments were performed within 3 h after the isolation of the retinal vessels. Table 1 lists the composition of the various solutions used in this study. The pH of all solutions was 7·4. The osmolarity was adjusted to 310 mosmol l¢ for the bathing solutions (i.e. A, C, E and F) and to 280 mosmol l¢ for the pipette solutions.
Solutions
Patch-clamp recordings
The perforated-patch configuration of the patch-clamp technique was used to monitor the ionic currents and the membrane potentials of pericytes located on freshly isolated rat retinal microvessels. As detailed previously (Kusaka & Puro, 1997) , micropipettes were pulled from Corning No. 7052 glass tubing (Gardner Glass Co., Claremont, CA, USA) using a multistage programmable puller (Sutter Instruments, San Rafael, CA, USA) and were heat polished to tip diameters of 2-3 ìm. A pipette tip was filled to approximately 400 ìm from the tip by applying negative pressure to the back end of the pipette while briefly dipping the tip into the pipette solution. Unless stated otherwise, the pipette contained solution B. The remainder of the pipette was then backfilled with this solution supplemented with freshly mixed amphotericin B (240 ìg ml¢) and nystatin (240 ìg ml¢) or gramicidin (100 ìg ml¢). The resistances of the pipettes used were 2-5 MÙ when tested in the bathing solution. The pipettes were mounted in the holder of a Dagan 3900 (Dagan Corp., Minneapolis, MN, USA) or Axopatch 200B (Axon Instruments, Foster City, CA, USA) patch-clamp amplifier and sealed to the cell bodies of pericytes. Similar methods were used to record from vascular smooth muscle cells located on freshly isolated retinal vessels which had diameters of 15-45 ìm. Seals generally formed over a period of 1-30 s and reached resistances of greater than 1 GÙ. As amphotericin and nystatin perforated the patch, the access resistance to the cell usually decreased to less than 20 MÙ within 20 min for the pericytes analysed. Cells with membrane potentials more negative than −30 mV were used in this study since the relatively rapid deterioration of cells with lower membrane potentials suggested cell injury. Capacitative compensation was applied via circuits within the amplifier; we did not correct for series resistance. Cell capacitance was estimated using circuits of the Dagan 3910 expander module (Dagan Corp.). Currents and voltages were filtered at 1 kHz and digitally sampled (at 400 ìs) using a Lab Master DMA acquisition system (Axon Instruments), an IBM-compatible microcomputer and pCLAMP software (version 6, Axon Instruments), which also controlled the voltage protocols. Currents were evoked by a voltage step protocol. Due to the presence of transiently occurring currents, generation of current-voltage (I-V) plots of the sustained conductances required the use of long duration (> 3 s) voltage steps; periods without transient events were used to establish the steady-state level of the sustained current. For voltage-clamp recordings, the zero-current potential for the sustained conductances was defined as the resting membrane potential of the cell. After data collection, the recorded membrane potentials were corrected for liquid junction potentials, which were calculated using a computer program (Barry, 1993) . Data analysis was facilitated with the use of pCLAMP software (Axon Instruments) and a scientific plotting program (Origin, MicroCal, Northhampton, MA, USA). The net charge transfer associated with transiently occurring events was quantified in coulombs during fourteen 3·5 s sampling periods; this was calculated by multiplying the duration of each sampling period by the difference between the mean current amplitude and the amplitude of the steady-state current, which was defined as the lowest absolute value of the current amplitude detected during the sampling period. Unless otherwise stated, this calculation was made for current recorded at a holding potential of −57 mV.
Scanning electron microscopy
Standard techniques (Agardh et al. 1985) were used to prepare gluteraldehyde-fixed retinal microvessels for scanning electron microscopy, which was performed by the University of Michigan Anatomy and Cell Biology Core Facility.
Dialysis
Cellulose membrane tubing (Spectrum Medical Industries, Laguna Hills, CA, USA) with molecular weight (MW) cut-off of 6000 was used for dialysis. The serum to be dialysed was placed in the dialysis tubing, which was tightly clipped at both ends and carefully checked for leaks. The tube was placed in a beaker containing •800 ml of Dulbecco's phosphate buffer solution, which was continuously stirred and totally replaced three times during the first 8 h. Dialysis was performed for •24 h at 4°C.
Chemicals
Charybdotoxin and apamin were purchased from RBI (Natick, MA, USA). Other chemicals and fetal bovine serum were from Sigma (St Louis, MO, USA) unless noted otherwise.
Statistics
Unless otherwise stated, data are given as means ± s.e.m. Probability was evaluated using Student's t test. The level of significance was set at P < 0·05.
RESULTS
Serum-induced currents
We hypothesized that serum, which enters the retina upon breakdown of the blood-retinal barrier, may alter the physiology of the pericytes. To test this idea, we developed an experimental preparation in which the patch-clamp technique was used to analyse the activity of ion channels in pericytes located on microvessels freshly isolated from the rat retina (Fig. 1) . In this study, the whole-cell currents of pericytes were monitored via perforated-patch pipettes. This recording configuration minimizes the disruption of Serum-activated channels in retinal pericytes J. Physiol. 521.3 639 Figure 1 . Scanning electron photomicrograph of freshly isolated microvessels from an adult rat retina A, a complex of microvessels adhering to a glass coverslip. Scale bar, 100 ìm. B, a pericyte (arrow) located on the ablumenal wall of a bifurcating microvessel. Scale bar, 10 ìm. Table 1 . Compositions (mÒ) of the solutions used in this study
intracellular contents and the subsequent loss of second messengers and other molecules vital for cellular function. As illustrated in Fig. 2 , exposure of fresh pericytes to serum (10% vÏv) reversibly increased both sustained and transiently occurring currents. All 22 pericytes sampled under the recording conditions used in Fig. 2 showed conductance changes with exposure to serum. The induced currents were inward at hyperpolarized potentials and outward at depolarized potentials. During exposure to serum, the resting membrane potential depolarized significantly (P < 0·001) from a mean of −56 ± 2 to −46 ± 2 mV.
Transient currents
A characteristic electrophysiological feature of fresh retinal pericytes is the presence of transiently occurring currents ( Fig. 3 and also Figs 2A, 4, 7A, 9A, and 11A and B). We observed spontaneous transient currents in 68% (15 of 22) of the pericytes sampled under the recording conditions used in Fig. 2 . Since these currents appear similar to the spontaneous transient inward currents caused by calciumactivated chloride currents in smooth muscle cells (Wang et al. 1992) , we tested the possibility that the transiently occurring events in retinal pericytes are also due to a chloride conductance. In a series of experiments, the equilibrium potential for chloride was changed by varying the ionic composition of the pipette and bathing solutions. We found that the reversal potential of the spontaneously occurring transient currents in retinal pericytes changed as predicted for a chloride-selective conductance ( Fig. 3B and C). Exposure to serum was associated with an increase in the transient currents (Figs 2A, 7A, and 11A and B) in 95% (21 of 22) of the pericytes recorded under the conditions used in Fig. 2 . With exposure to serum, the net charge transfer associated with the transient inward currents increased significantly (P = 0·01) from −9 ± 1 to −31 ± 9 pC. As we observed for the spontaneous transient currents, the reversal potential for the transient currents recorded in serum shifted as the equilibrium potential for chloride was systematically changed. Specifically, these currents reversed from inward to outward at +26 ± 2 mV (n = 4) when recorded in bathing solution C and pipette solution D (Table 1) . After the addition of 30 mÒ NaCl to the external solution (the mannitol concentration was adjusted to maintain osmolarity), the reversal potential for the transient currents was +12 ± 2 mV (n = 4). This −14 mV shift was significant (P = 0·007) and was close to the −15 mV Nernstian value for a channel that is selectively permeable to chloride. Further evidence for a chloride conductance was the observation ( A, currents evoked before (Control), during (Serum) and after (Recovery) exposure to 10% serum. The clamp protocol is shown below. Currents were monitored using the perforated-patch recording technique. Bathing solution A and pipette solution B were used. B, I-V plots of the sustained currents measured from the traces in A. C, the difference between the I-V curves obtained in the absence (Control) and presence of serum. Exposure of retinal pericytes to serum is associated with an increase in both sustained and transiently occurring currents.
currents decreased significantly (P = 0·04) from −19 ± 3 to −7 ± 0·4 pC (n = 3) with the addition of 1 mÒ 9-ACA to the perfusate. Based on these observations, it seems likely that serum activates chloride channels which account for the transiently occurring currents induced in fresh retinal pericytes. We wished to assess the effects of this chloride channel activity under conditions in which the endogenous intracellular chloride concentration was unperturbed. In the experiments described above, advantage was taken of the fact that patches perforated using amphotericin and nystatin are permeable to chloride ions. Due to this anion permeability, the concentration of chloride in the pipette established the intracellular chloride concentration and, thereby, the reversal potential of the chloride currents.
However, it was also important to determine whether the activation of chloride channels causes a depolarization or hyperpolarization of the membrane potential of retinal pericytes under more normal conditions since the endogenous chloride concentration varies widely in various cell types (Rhee et al. 1994; Owens et al. 1996) . To minimally alter the intracellular chloride concentration, we performed a series of perforated-patch recordings using gramicidin, rather than amphotericin and nystatin. An advantage of gramicidin is that it forms pores that are permeable to monovalent cations but not to chloride (Kyrozis & Reichling, 1995) . We found that with gramicidin in the pipette, the reversal potential for the transiently occurring currents was −30 ± 2 mV (n = 3) when measured in bathing solution A. Based on this reversal potential, the Serum-activated channels in retinal pericytes In each panel, ten current traces are superimposed. Currents were recorded via a perforated-patch pipette before (Control), during and after (Recovery) exposure to 1 mÒ 9_anthracenecarboxylic acid (9-ACA), which is a chloride channel blocker. The holding potential was −57 mV. Pipette solution B and bathing solution A supplemented with 10% serum were used. The transient currents in retinal pericytes are sensitive to a chloride channel blocker. A, a continuous 1 min record of the currents in a retinal pericyte. The holding potential was −57 mV. Currents were monitored via a perforated patch pipette. Numerous transient inward currents are evident. B, currents in a fresh rat retinal pericyte held at the various membrane potentials listed adjacent to each trace. The Nernstian value for the equilibrium potential of chloride (ECl) was −22 mV. The bathing solution was solution E; the pipette solution was solution B (Table 1) . C, currents of a rat retinal pericyte at various holding potentials; the calculated ECl was +33 mV. In the bath was solution C; solution D was used in the pipette. The reversal potential for the spontaneous transient currents in retinal pericytes is close to ECl. calculated intracellular chloride concentration in fresh retinal pericytes is 45 mÒ. Thus, activation of chloride channels under physiological conditions should induce an inward, depolarizing current in retinal pericytes. Consistent with transiently occurring chloride currents causing intermittent depolarizations, we observed that the membrane potential of fresh pericytes fluctuated considerably during exposure to serum. This is illustrated in Fig. 5 in which depolarizing fluctuations are evident during the initial 30 s of the voltage record. With the addition of 9-ACA to the perfusate, the pericyte membrane potential stabilized. Taken together, our experiments indicate that serum activates a transient chloride conductance which causes intermittent depolarizations of retinal pericytes.
Sustained currents
To help characterize the sustained currents induced by serum, we tested the effect of tetraethylammonium (TEA), which is a potassium channel blocker (Hille, 1992) . In pericytes exposed to serum TEA significantly reduced the outward current but not the inward current (Fig. 6) . The TEA-sensitive current had a threshold of activation of approximately −50 mV (Fig. 6B) . Similar findings were observed in three other fresh pericytes. Although the specific type of potassium channel activated by serum remains to be identified, these experiments indicate that serum induces a voltage-dependent outward potassium conductance. Although activation of potassium channels plays a significant role in the serum-induced increase in sustained outward currents, there were sustained inward and outward currents which persisted in 10 mÒ TEA (Fig. 6A) . To better characterize these TEA-insensitive currents, we examined the effect of serum on fresh pericytes which had their potassium channels blocked by caesium and barium (solutions C and D). Under these recording conditions, serum induced a current that showed outward rectification (Fig. 7) . To determine the ionic selectivity of this conductance, we varied the ionic composition of the bathing solution (Table 2) ; osmolarity was maintained by adjusting the mannitol concentration. Under control conditions, the mean reversal potential was −17 mV. Increasing the external calcium concentration from 1·8 to 11·8 mÒ caused a 6 mV depolarization of the reversal potential. This is consistent with a permeablity to calcium. With the addition of 30 mÒ KCl to solution C, the reversal potential was Current-clamp record of a pericyte exposed to 10% serum. Forty seconds after the onset of this record, the chloride channel blocker, 9-ACA (1 mÒ), was added to the serum-containing perfusate. The membrane was monitored via a gramicidin-perforated patch. The fluctuating depolarizations that are observed in retinal pericytes exposed to serum are due to chloride channel activity. Figure 6 . Effect of TEA on the pericyte currents induced by serum A, I-V relations of the steady-state currents under control conditions (þ) and in the presence of serum without (8) or with 10 mÒ TEA (0). B, the difference of the I-V curves generated during exposure to serum without and with TEA. Serum induces an outward potassium current. −9 mV. This depolarization from −17 mV suggests a permeability to potassium. A sodium permeability was demonstrated when substitution of 30 mÒ NaCl for KCl resulted in a reversal potential of −5 mV. These experiments indicate that serum activates a non-specific cation (NSC) channel that is sensitive to both monovalent and divalent cations. Based on the extended constant-field voltage equation with assumptions similar to those detailed by Mayer & Westbrook (1987) , the serum-induced NSC channels are more permeable to calcium than to monovalent cations (permeability ratio, PCaÏPNa,K = 3). As a further demonstration that serum activates NSC channels in retinal pericytes, we tested the effect of SK&F 96365, a blocker of receptor-activated non-specific cation channels (Merritt et al. 1990) . Bathing solution C and pipette solution D were used to block potassium channels. As illustrated in Fig. 8 , exposure to this blocker reduced the serum-induced NSC conductance. In a series of five cells, the current measured at −50 mV was decreased by 68 ± 4 % in 50 ìÒ SK&F 96365. Taken together, our observations support the idea that exposure of retinal pericytes to serum activates calcium-permeable NSC channels, as well as voltage-dependent potassium channels and chloride channels.
Effect of IGF_1 on pericyte currents
Having found that exposure to serum changes the ionic currents of retinal pericytes, we wished to identify at least one of the molecules in serum that can mediate these effects.
Serum-activated channels in retinal pericytes J. Physiol. 521.3 643 Figure 7 . Effect of serum on pericyte currents recorded under conditions in which potassium channels are blocked A, currents evoked before (Control) and during exposure to 10% serum. The clamp protocol is shown below. B, I-V relations of the steady-state currents before (þ) and during (0) exposure to 10% serum. C, the difference of the I-V curves in B. Bathing solution C and pipette solution D were used to block potassium channels. Blockage of potassium channels reveals that serum activates an outwardly rectifying conductance in retinal pericytes. Table 2 . Effect of changes in the ionic composition of the bathing solution on the reversal potential (Vrev) of the serum-induced current
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To help identify a range of molecular weights for candidate molecules, serum was dialysed to remove molecules with molecular weights (MWs) less than 6000. Since we found that the dialysed serum activated the pericyte currents, attention focused on molecules with molecular weights greater than 6000. One candidate molecule is insulin-like growth factor_1 (IGF_1, MW 7500), which is a normal constituent of the blood (LeRoith, 1997) and can bind to the IGF_1 receptors expressed by retinal pericytes (King et al. 1984) . As illustrated in Fig. 9 , exposure to IGF_1 reversibly altered the sustained and transient ionic currents of fresh retinal pericytes. These effects were qualitatively similar to those induced by serum (Fig. 2) . Nine other retinal pericytes were also similarly affected by IGF_1. However, since only 9 of 16 (56%) sampled pericytes were responsive to this growth factor compared with 22 of 22 pericytes which had currents induced by serum, it seems likely that, in addition to IGF_1, serum contains other molecules which can activate ion channels in retinal pericytes.
Voltage-gated calcium channels in retinal pericytes
Having found that serum-derived molecules cause retinal pericytes to depolarize, we asked whether these cells have voltage-gated calcium channels (VGCCs). These channels would provide additional pathways for a calcium influx that may instigate pericyte contraction or other important cellular responses. To detect calcium currents, we used pipette solution D and bathing solution C, which was supplemented with 10 mÒ CaClµ; these solutions blocked potassium channels and enhanced the electrochemical gradient for an influx of calcium. Under these experimental conditions, inward currents (Fig. 10A) were activated at depolarized potentials in 12 of 13 sampled pericytes. Nifedipine, which is a dihydropyridine that blocks L-type VGCCs, effectively inhibited the inward currents ( channel inactivation (Fig. 10A) . Plots of the activation and inactivation curves for the nifedipine-sensititive current revealed a range of voltages, from approximately −50 mV to −20 mV, over which there was an overlap of these two curves (Fig. 10D) . A sustained VGCC conductance could occur within this 'window of current.' Similar findings were made in three fresh retinal pericytes. Taken together this series of observations suggest that a serum-induced depolarization can activate L-type VGCCs in retinal pericytes.
Role of NSC channels in retinal pericytes
To examine the role of the NSC channels in the response of retinal pericytes to serum-derived molecules, we tested the effect of the NSC channel blocker, SK&F 96365, under recording conditions in which potassium and chloride channels were not blocked (solutions A and B). As expected, we found that SK&F 96365 diminished the effect of serum on the NSC conductance. To quantify this NSC conductance, we measured the current at −100 mV, which is the equilibrium potential for potassium (EK) and thus a voltage at which NSC currents predominate. The inward current at −100 mV was reduced by 65 ± 6 % (n = 4) in SK&F 96365. In addition, there was also a 75 ± 5 % (n = 4) reduction in the serum-induced current measured at 0 mV, which is near the NSC equilibrium potential (ENSC) and thus a voltage at which the potassium conductance predominates. We also found that the addition of SK&F 96365 to the perfusate diminished by 63 ± 5 % (n = 4) the serum-induced increase in transiently occurring inward currents. These results indicate that exposure of pericytes to SK&F 96365 causes inhibition of the serum-induced increases in potassium and chloride channel activity, as well as the activity of NSC channels. Assuming that SK&F 96365 blocks NSC channels specifically, our findings suggest that the serum-activated NSC channels are essential for the subsequent activation of chloride and potassium channels in retinal pericytes.
Calcium dependence of chloride and potassium channels
Since we found that calcium-permeable NSC channels were needed for the activation of the chloride and potassium channels, we hypothesized that an influx of calcium played a role. Consistent with this idea, the serum-induced transient currents, which are due to the activity of chloride channels, were markedly reduced when the external calcium concentration was low ( Fig. 11A and B) . In addition, a component of the sustained outward current with a threshold of approximately −50 mV was also dependent on external calcium (Fig. 11B, C and D) . However, an NSC conductance could be activated by serum in the low calcium bathing solution. Similar effects on transient and sustained currents were observed in three pericytes. These experiments are consistent with a mechanism in which NSC channel Serum-activated channels in retinal pericytes J. Physiol. 521.3 645 Figure 10 . Voltage-gated calcium currents in a fresh retinal pericyte A, currents evoked from a holding potential of −51 mV to test potentials of −41 to +29 mV. Potassium channels were blocked and calcium currents enhanced by using bathing solution C, which was supplemented with 10 mÒ CaClµ, and pipette solution D. B, plots of the peak inward current versus test potential in the absence (þ) and presence (0) of 10 ìÒ nifidipine. The holding potential was −51 mV. C, the difference of the I-V curves in B. D, squares show the normalized peak amplitudes of the inward currents evoked by stepping from a holding potential of −101 mV to various test potentials. Currents were normalized to the maximal inward current detected with a voltage step to −10 mV and are plotted against the test potential. Circles show the peak amplitudes of the inward currents evoked by voltage steps from various holding potentials to a test potential of −11 mV. Currents were normalized to the maximal current detected with a holding potential of −91 mV and are plotted against the holding potential. Between approximately −50 mV and −20 mV, the activation and inactivation curves overlap and reveal the 'window of current' for the L-type calcium channels expressed by the retinal pericyte. Figure 11 . Effect of lowering the extracellular calcium concentration on the serum-activated currents in retinal pericytes A, each panel shows ten successive current traces recorded from a rat retinal pericyte held at −58 mV (Vh, holding potential). In the top panel, currents were recorded with bathing solution A and pipette solution B. The second panel shows currents recorded 4 min after the onset of exposure of the pericyte to bathing solution A supplemented with 10% serum. The traces in the next panel were obtained after switching to serum-containing solution F (Table 1) , which lacked added CaClµ and contained 3 mÒ EGTA. The currents in the bottom panel show traces after returning to bathing solution A, which contained serum and calcium. B, panels show currents evoked in bathing solution A (Control), in solution A supplemented with 10% serum (Serum) or in solution F with serum (Serum low Ca¥). The clamp protocol is shown below. C, I-V plots of the sustained currents shown in B. D, difference between the I-V plots shown in C which were generated during exposure to serum in the presence or absence of added calcium. In fresh retinal pericytes, an influx of calcium is required for the serum-induced activation of the transient chloride channels and a sustained outward potassium conductance.
- ------------------------------------------------------------------------------------------ Table 3 . Comparison of the effects of serum on ionic currents and the membrane potential of fresh retinal pericytes and vascular smooth muscle cells
Pericytes Control −35 ± 10 68 ± 17 −9 ± 1 −56 ± 2 Serum −72 ± 13* 111 ± 21 * −31 ± 9 * −46 ± 2 * Myocytes Control −187 ± 28 121 ± 35 −29 ± 8 −52 ± 3 Serum −174 ± 35 118 ± 35
The non-specific cation (NSC) conductance was measured at voltages near EK; the potassium current was measured at 0 mV, which is close to ENSC. The net charge transfer associated with the transient chloride currents was measured at −57 mV. Membrane potentials (Vm) were determined from current-voltage plots of the sustained currents. *Significant (P < 0·01) difference between the mean value in serum and the corresponding control value. Sample sizes were 22 for the pericytes and 9 for the vascular smooth muscle cells. The sampled pericytes had a membrane capacitance of 11·9 ± 1·2 pF, for the vascular smooth muscle cells the value was 10·8 ± 1·5 pF (P = 0·7). In contrast to pericytes, serum neither induced sustained currents nor significantly changed the resting membrane potential of retinal vascular smooth muscle cells.
activation and calcium influx are critical for the seruminduced activation of chloride and potassium channels.
Effects of serum on retinal vascular smooth muscle cells
Since pericytes are known to share a number of characteristics with vascular smooth muscle cells, we considered the possibility that serum affects the ion channels of these cells similarly. To assess this possibility, we used the perforated-patch technique to monitor the whole-cell currents of vascular smooth muscle cells located on freshly isolated retinal vessels, which had diameters of 15-45 ìm. In contrast to our findings with pericytes, we did not detect a significant (P > 0·229) effect of serum on the sustained ionic conductances or the resting membrane potential of vascular smooth muscle cells (Table 3) . However, both cell types showed a significant (P < 0·01) increase in the transient inward currents during exposure to serum (Table 3) . Thus, chloride channels, but not NSC and potassium channels, are activated when retinal vascular smooth muscle cells are exposed to serum-derived molecules.
DISCUSSION
Serum-activated ion channels in retinal pericytes
The results show that exposure of retinal pericytes to serum alters the activity of several types of ion channels. Our perforated-patch recordings from pericytes located on freshly isolated microvessels revealed that one of the channels activated by serum is permeable to monovalent cations and calcium. In addition, serum increases the frequency and size of transient inward currents that are caused by the opening of chloride channels. Serum also induces a voltage-dependent potassium conductance. These effects of serum on ion channel activity are mimicked by IGF_1, suggesting that this may be one of the serum-derived molecules regulating the physiology of pericytes when a breakdown of the vascular endothelial barrier occurs. Associated with these serum-induced changes in ion channel activity, the membrane potential of a retinal pericyte decreases. Although limited by the hyperpolarizing effect of the serum-induced potassium channels, the activation of the NSC channels caused a sustained depolarization of 10 mV, from −56 to −46 mV. This change in membrane potential is likely to be functionally significant since we observed that, between approximately −50 and −20 mV, there is a 'window of current' for the voltage-gated calcium channels (VGCCs) expressed by these cells. At voltages within this window there is enough depolarization to activate the VGCCs, but not so much as to cause complete inactivation. VGCCs can also be activated during the serum-induced transient depolarizations caused by the intermittent activity of chloride channels. Thus, exposure to serum-derived molecules activates voltage-dependent (i.e. VGCCs) and voltage-independent (i.e. NSC channels) pathways for the influx of calcium into retinal pericytes.
Role of NSC channels
Activation of the NSC channel may be a critical step in the response of retinal pericytes to serum (Fig. 12) . For example, our experiments suggest that the calcium-permeable NSC channels are also necessary for the activation of chloride and potassium channels. This is supported by the finding that SK&F 96365, which is a blocker of receptor-activated NSC channels (Merritt et al. 1990 ), diminished the seruminduced chloride and potassium currents, as well as the NSC conductance. Also consistent with a primary role for these calcium-permeable channels, we found that an influx of calcium was required for the activation of chloride and potassium channels. In addition, these NSC channels appear to be necessary for the activation of VGCCs since the seruminduced depolarization of the pericytes was prevented by SK&F 96365. Taken together, these observations suggest that the activation of NSC channels and the subsequent influx of calcium play important roles in the response of retinal pericytes to serum-derived molecules.
Transient depolarizations in retinal pericytes
A dramatic feature of the electrophysiology of fresh retinal pericytes is the presence of transient depolarizing currents. Upon exposure of fresh retinal pericytes to serum, these transient currents increased markedly. Our experimental findings indicate that calcium-activated chloride channels are responsible for these currents. Specifically, we observed that the reversal potential for the transient currents is close to the equilibrium potential for chloride, that the chloride channel blocker 9-ACA inhibits these currents and that these events are dependent on extracellular calcium. Future studies are needed to determine whether calcium release from intracellular stores, uptake of calcium into mitochondria andÏor inactivation of channels by calcium-calmodulindependent protein kinase II have roles in establishing the time course of the transient inward currents in pericytes as they do in smooth muscle cells (Wang et al. 1992; Greenwood et al. 1997; Wang & Kotlikoff, 1997) . At present, the functional role of the transiently active chloride channels in vascular cells is uncertain. One possibility is that the repetitive depolarizations caused by the opening of these channels serve to enhance the net influx of calcium during a prolonged exposure of pericytes to serum-derived molecules. This possibility is supported by our observation that the VGCCs of retinal pericytes inactivate during a sustained depolarization. Thus, with a relatively long-lasting decrease in the membrane potential, channel inactivation may limit the influx of calcium via VGCCs. However, in contrast to a sustained depolarization, frequent transient depolarizations allow for the repetitive opening of a pericyte's VGCCs. In this scenario (Fig. 12) , activation of chloride channels induces a depolarization which causes VGCCs to open. After opening, these calcium channels begin to inactivate, and the influx of calcium decreases. However, since the chloride channels are only transiently active, the pericyte subsequently repolarizes.
With repolarization of the membrane potential, inactivated VGCCs can return to the closed state and be ready to reopen when the pericyte is again transiently depolarized. Thus, multiple transient depolarizations may be an effective mechanism for maximizing the net influx of calcium during a prolonged exposure to serum.
Channel activity and pericyte function Activation of ion channels by serum-derived molecules is likely to alter the function of pericytes. One mechanism by which ion channels may affect cellular function is by providing pathways for an influx of calcium. We found that exposure to serum activates two types of calcium-permeable ion channels in retinal pericytes. One is an NSC channel; the other is an L-type calcium channel, which can be activated by the depolarization caused by the opening of the NSC and chloride channels. A probable response of pericytes to a serum-induced influx of calcium is contraction. This seems to be a reasonable possibility since pericytes express contractile proteins, such as tropomysin (Joyce et al. 1985) , myosin (DeNofrio et al. 1989 ) and cGMP-dependent protein kinase (Joyce et al. 1984) , which are activated by calcium. In addition, Kelley et al. (1987) documented that retinal pericytes in culture contract when exposed to serum. Furthermore, we have observed (unpublished observations) that the diameter of freshly isolated microvessels decreases in the presence of serum. Serum-induced contraction of pericytes may be a successful adaptive response to a breakdown of the blood-retinal barrier. Contraction of leaky microvessels would shunt blood away from areas with a defective vascular endothelial barrier. This shunting could reduce leakage from the vascular system and, thereby, lessen sight-threatening retinal oedema. On the other hand, an extensive shunting of blood may cause ischaemic damage. In addition, a persistent influx of calcium caused by chronic exposure to serum may require a substantial metabolic response in order to prevent cellular injury from an excessive accumulation of calcium. Eventually, pericytes may die if they fail to meet this metabolic demand. A possible clinical correlate is the selective loss of pericytes early in the course of diabetic retinopathy, a condition associated with a chronic failure of the blood-retinal barrier (Cunha-Vaz et al. 1975; Mathews et al. 1997 ).
Comparison of pericyte and vascular smooth muscle physiology Traditionally, pericytes have been thought to be similar in many ways to vascular smooth muscle cells. For example, both cell types are derived from the mesenchyme, are closely associated with the vascular endothelium and are known to express similar ion channels (Weiderholt et al. 1995) and cytoplasmic proteins (Hirschi & D'Amore, 1996) . In addition, both cell types can contract (Kelley et al. 1987; Das et al. 1988) , although evidence of pericyte contraction in vivo is limited. Further, with regard to function, pericytes are postulated to regulate blood flow in the microvasculature much as vascular smooth muscle cells do in larger vessels (Tilton, 1991; Anderson, 1996; Hirschi & D'Amore, 1996) . However, despite these developmental, biochemical and functional similarities, we found that pericytes and vascular smooth muscle cells respond differently to serum-derived molecules. Namely, serum activates sustained ionic conductances in retinal pericytes, but not in vascular smooth muscle cells. We suspect that the activation of NSC channels in pericytes and not in vascular smooth muscle cells reflects a fundamental difference in the mechanisms by which serumderived molecules affect these two types of cells. pericytes, the calcium-permeable NSC channels appear to play a vital role in the subsequent opening of chloride, potassium and voltage-gated calcium channels. However, vascular smooth muscle cells lack a serum-induced NSC conductance, although serum does activate transient depolarizing currents that are caused by the opening of calcium-activated chloride channels. To account for these observations, we postulate that a serum-induced release of calcium from intracellular stores is an early step in the response of vascular myocytes. In contrast, our experiments indicate that an event early in the response of pericytes is an influx of calcium through serum-activated NSC channels. These physiological differences in the responses of pericytes and vascular smooth muscle cells suggest that these two types of vascular cells have different functional roles in the regulation of the retinal circulation. In addition, there may be pathobiological consequences. Perhaps, under conditions in which there is a chronic breakdown in the blood-retinal barrier, a persistent influx of calcium via serum-activated channels renders retinal pericytes selectively vulnerable to a cytotoxic overload of calcium.
